The equilibrium geometry, electronic structure and the energetic stability of Bi nanolines on (001) surface, we find that an atomic configuration derived from the H model is also more stable than an atomic configuration derived from the M model. However, the energetically less stable (M ) model exhibits better agreement with experimental measurements for equilibrium geometry. The electronic structure of the H and M models are very similar. Both models exhibit a semiconducting character, with the the highest occupied Bi-derived bands lying at ∼0.5 eV below the valence band maximum. Simulated and experimental STM images confirm that at a low negative bias the Bi-lines exhibit an "antiwire" property for both structural models.
INTRODUCTION
The physical sciences have been moving towards the control of material's composition and structure at the atomic/molecular level for several decades. In recent years the focus has moved from layer-resolved growth to the control of material structure in all three spatial directions and at length scales down to one nanometer. The control of structure at this length scale will lead to greater control of material properties. However, for a viable technology, new methodologies must be found for assembling large numbers of nano-structured systems on a practical timescale [1] . One way of achieving this goal is to utilize systems that can be assembled or organized in parallel. For systems assembled on surfaces, different terms in the surface free energy can be used to guide the parallel assembly process [2, 3] . On semiconductor surfaces, morphological instabilities that arise from either anisotropic strain fields [4] or growth kinetics [3] , can also be used to break symmetry and create dots [5] , huts [6, 7] or wires [8] [9] [10] .
In this paper we shall describe a study of a relatively new nanoline phase (hereafter line) that forms when Bi is deposited onto Si(001) surfaces. This phase has received considerable attention because of its striking structural quality [11] [12] [13] [14] [15] [16] [17] [18] [19] . The lines are only 1.5 nm wide and can be grown with aspect ratios of over 350:1. They also have no measurable width dispersion and they can be grown to lengths of up to 500 nm, defect free, without kinks or breaks [11, 12, 14-16, 18, 19] . The conditions under which the lines form are quite unusual because Bi has to be deposited onto Si(001) above the Bi desorption temperature of 500
• C. Understanding the physical factors that govern the nucleation and growth of these lines could possibly lead to methods for fabricating other one dimensional stuctures on Si(001).
Furthermore, the Bi-lines assemble into arrays on Si(001), that have aperiodic line spacing, and these arrays could be used to guide or to constrain the self-organization of other atomic or molecular species. The other species could possibly be constrained to lie either between the two parallel rows of Bi dimers, or between the Bi-lines on the Si(001)2×1 terraces.
In Fig. 1 a low magnification STM image of a Si(001) surface covered in Bi-lines is presented. The image covers an area of 1µm × 1µm. The bottom half of the image is dominated by one single terrace and in this terrace the Bi-lines run from top-left to bottom-right. In the upper half of the image there are a number of terraces displaced by single-height steps (a • /4 = 1.36Å where a • is the cubic lattice constant of Si). The spacing between the lines is aperiodic and the orientation of the lines rotates by π/2 in terraces displaced by a single-height step. The step-edge structure on the Bi-line surfaces is modified by the lines and the way the lines influence the step structure on the Si(001) surface has been described elsewhere [20, 21] . Because of the reasons cited above, the Bi-lines have been studied with: total energy calculations [17, 19, [22] [23] [24] [25] , the scanning tunneling microscope (STM) [11, 12, 14-16, 18, 19 ], x-ray photoelectron diffraction and low energy electron diffraction (LEED) [26] . It is known that they comprise two parallel rows of symmetric Bi dimers.
Although a number of different models have been proposed for the Bi line structure, none of the structural models is fully consistent with all of the experimental findings.
Naitoh et al. [11, 12, 15, 16] constructed the first structural model of the line. Their model (N model) was based upon constant-current topographical images that were acquired with STM. They measured the separation of the two parallel Bi dimers rows to be ≈ 3.8Å and their model was constructed to reproduce this separation. Miki et al. [14, 27] also acquired constant-current topographical images of the lines with STM and estimated the separation of the Bi dimer rows to be significantly larger and closer to ≈ 6Å. A missing dimer line was inserted between the Bi dimer rows to increase the separation of the rows [14, 27] . The equilibrium geometry proposed by Miki et al. (M model) was subsequently confirmed by x-ray photoelectron diffraction (XPD) experiments [26] . Ab initio total energy calculations [17, 24] confirmed that the M model is energetically more favorable than the N model. Additionally, in Ref. [17] a new line geometry, the Haiku or H model, was proposed that was found to be even more stable than the M model. Comparisons of experimental constant-current topographical images and theoretical STM simulations, that used the atomic configuration of the H model and the Tersoff-Hamman approximation, were found to be in good agreement.
However, the results of recent XPD [26] and X-ray standing wave (XSW) experiments [28] , do not provide support for the H model which, after all, is the minimum energy atomic geometry. Moreover, the H model, which is based on B-type steps on the As-terminated Ge(001) surface, requires a significant rearrangement of subsurface atoms. Although it is the minimum energy structure, it is possible that the energy barriers associated with bond breakage and atom rearrangement prohibit its formation at the relatively low growth temperatures that are used (< 600
• C). Clearly some more work has to be done to resolve these issues.
If the Bi-line system is to be used as a template for assembling other line structures, it is important to consider the effect of hydrogen passivation of the Si(001) surface since it is more reactive than the Bi-line. Thus, the electronic structure, energetic stability, and the equilibrium atomic geometry of the Bi-lines on the hydrogenated Si(001) surface are also important issues to be investigated.
In this paper, we present a combined theoretical and experimental investigation of the The experimental investigations have been carried out for negative biases (occupied states).
STM images of the Bi-line surfaces are more difficult to acquire in positive bias (unoccupied states) for reasons that we have discussed in detail elsewhere [29] . The experimental and theoretical results have been analysed carefully to present a coherent picture of the electronic features of the Bi-line system.
II. THEORETICAL AND EXPERIMENTAL METHODS
The theoretical calculations were performed in the framework of the density functional theory, within the local density approximation (LDA) using the Ceperley-Alder correlation [30] as parameterized by Perdew and Zunger [31] . The electron-ion interaction was treated by using norm-conserving, ab initio, fully separable pseudopotentials [32, 33] . The wave functions were expanded in a plane wave basis up to the kinetic energy cutoff of 12 Ry. This energy cutoff was found to be totally adequate for our studies: the total energy and the equilibrium atomic geometry were well converged within 0.1 eV/(2×8) cell and ±0.02Å, respectively. To simulate the Bi-covered Si(001) surface we used a repeated slab method, with a supercell containing ten atomic layers of Si and a vacuum region equivalent to twice the cubic lattice constant. We modelled the system by considering a unit cell with 2×8
periodicity. In order to test convergence of results we also made calculations with a 2×12 surface unit cell. The Si dangling bonds at the other side of the slab were saturated by a layer of hydrogen atoms. The sampling of the surface Brillouin zone was perfomed using a set of 4 special k points. A dipole correction method [34, 35] was employed to annul the effect of the spurious electrostatic field which arises due to the inequivalence of the two surfaces in the periodic slab geometry. To obtain the equilibrium geometry, atoms in the eight topmost layers were fully relaxed to within a force convergence criterion of 12 meV/Å.
Our experimental study was performed with a home-built beetle-type STM [36, 37] In order to determine the most stable configuration for the Bi-lines on the clean Si (001) surface, we compared the total energies between these two models by using the following expression:
Here Si was calculated by using the same procedure as used for the surface (Bi-line) calculations. We find that the H model is energetically more favorable than the M model by 0.37 eV/dimer, which is in agreement with the recent theoretical result by Owen et al. [17] . We have verified the convergence of our calculated ∆E with respect to: (i) energy cutoff for the plane wave expansion, (ii) number of special k points for the Brillouin zone sampling, and (iii) size of the surface unit cell. Our results are summarized in Table I .
We next considered the formation of Bi-lines on the hydrogenated Si(001) surface. The In both diagrams, the zero energy was chosen to be coincident with the highest occupied v1 peak. In the energy range -1 eV to +2 eV, there is a great deal of similarity in the DOS for the two models, except that the v4 peak is shifted to a slightly lower energy for the H model.
The electronic charge distribution of the v1 peak for the M model is shown in Fig. 5 substrate has been presented elsewhere [38] .
Comparing the calculated and the experimentally obtained STM constant-current topographs, we can conclude the following: (ii) We find an "electronic width" of ≈ 15Å for both structural models, as shown in the (iii) We have also compared the lateral distance (d) between the two peaks that arise from the two parallel rows of Bi dimers. For the M model we find d equal to 6.6Å, which is in agreement with the calculated equilibrium distance between the Bi-lines: 6.62Å in Fig.   2 (a). Similarly, for the H model we find d = 6.4Å, which also agrees with the calculated equilibrium distance between the Bi-lines (6.32Å in Fig. 2(b) ). The lateral separation extracted from the STM line profile (Fig. 12) is (6.2 ± 0.5)Å. Consequently, the calculated widths both lie within the range defined by the experimental value and the experimental uncertainty.
The simulated STM images for both models of the Bi-lines on the hydrogenated Si (001) surface are presented in Figs. 13(a) and 13(c), respectively. As expected, due to the hydrogen passivation of the Si dimers, the Bi-lines are brighter than the the Si dimers plane.
The calculated surface corrugations are shown in Figs. 13(b) and 13(d), where we find an "electronic width" of ≈ 15Å for M and H models, respectively. For the lateral distance d, we find 6.63Å and 6.24Å for the M and H models, respectively.
IV. CONCLUSIONS
Using ab initio calculations, we have examined the two most plausible atomic arrange- The simulated STM images of the Bi-lines on Si(001) for both structural models reproduce the main features of the experimental constant-current STM images. For example, the "antiwire" property of the Bi-lines at low negative bias has been confirmed and the calculated width of the Bi dimer rows is in excellent agreement with the STM value for both structure models. Units, e/bohr 3 . 
